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Abstract 
The Multiple Parabolic Reflector Flat Plate Collector (MPFC) is designed to concentrate solar energy while 
remaining stationary. Inside the panel is an array of parabolic trough reflectors with tubular receivers. The receiver 
array transverses within the panel to collect reflected light from the reflectors. The goal of the design is to provide 
heat at 150oC for a lower cost than current types of solar thermal panels. A first-law thermal analysis is used to 
determine the heat gain and heat loss of the system. For Tallahassee locations, the system is oriented such that the 
reflectors are aligned length-wise in an East-West direction. It is determined that the MPFC can collect energy, at 
150oC, with efficiencies comparable to those of advanced flat plate, evacuated tube, and CPC collectors. The 
simplicity of the design allows for lower manufacturing costs than those of comparable panels, leading to more 
affordable solar energy collection. 
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1. Introduction 
About 10.4% (10. 8x1018 J) of the energy use in the United States goes towards producing industrial 
process heat (IPH) [1]. Only about 11% of all industrial energy use is supplied by renewable sources, and 
solar energy is a small fraction of that quantity. The amount of available energy from the sun is greater 
than all other renewable sources combined [2]. About 1x1017 W of solar energy is delivered to Earth on 
average [3]. Solar energy has the potential to fulfill the requirement for IPH (in addition to other 
demands). Harvesting this resource to produce heat is commonly performed by different types of solar 
collectors. The most efficient way to collect solar energy is by converting it into heat. Solar thermal 
collection technology is well developed in the low and high temperature ranges, able to produce energy at 
 
* Corresponding author. E-mail address: jpando@eng.fsu.edu. 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
 Jonathan Pandolfi ni and Anjaneyulu Krothapalli /  Energy Procedia  57 ( 2014 )  2762– 2771 2763
a competitive price [4]; however, further development is needed for solar collectors at medium 
temperatures (80–250oC) [5]. 
Solar collectors convert solar energy into usable heat and is extracted by a working fluid. Different 
working temperatures are attained with use of different collector types. Flat plate (FP) collectors are able 
to meet temperature needs below 80oC and are most efficient at doing so. To reach higher temperatures, 
solar concentrators are used. Parabolic trough concentrators (PTC) are the most commonly used 
concentrating solar collector [6]. These collectors are generally employed to produce temperatures above 
250oC. Economic hurdles create a barrier for solar thermal heat production at medium temperatures. 
Advanced types of flat plate collectors, evacuated tube collectors (ETC), compound parabolic 
concentrator (CPC) collectors, and smaller scale PTCs are employed in this range [7]. A general cost for 
medium temperature solar collectors is about $190/m2 or greater (USD in May, 2005) [7]. Improved 
methods and improved materials must be developed to increase the amount of energy that is collected 
while decreasing the overall cost of the collector. 
Solar collectors are implemented as either stationary or tracking systems. The use of stationary 
collectors is advantageous because they do not require complex tracking systems. In addition, rooftop 
mounting in beneficial because it utilizes an existing structure. However, stationary collectors lack in the 
ability to concentrate solar radiation, limiting their maximum operating temperature. 
FPs, ETCs, and CPCs are employed as stationary collectors. FP and ETC have the benefit of collecting 
both direct beam and diffuse radiation. CPCs have the ability to concentrate light but are limited by their 
acceptance angle [8]. Higher amount of concentration allows for more available energy to be absorbed by 
the heat transfer fluid (HTF). A wide acceptance angle typically means a low amount of concentration. As 
the acceptance angle decreases, the amount of time the sun's light is accepted is limited. 
PTCs are able to collect and concentrate light during the day as long as the system is tracking the 
movement of the sun. PTCs are able to gain heat at higher temperatures for two reasons. First, a parabolic 
reflector is able to increase the energy concentration on the receiver. Second, the use of a glass envelope 
around the receiver reduces the energy losses to the environment. The use of high quality PTC systems is 
restricted to large operations due to economies of scale.  
A new collector that can apply advantages from both stationary and tracking systems could succeed as 
a medium temperature collector at a cost that is comparable to currently used methods. 
2. Objectives 
The goal is to create a solar collector that can produce thermal energy in the medium temperature 
range. The cost of the energy produced should be comparable to that of other solar collectors. 
To achieve this goal, a full size collector is designed. The design emulates features of existing FP and 
CPC collectors while utilizing PTC geometry. The first law of thermodynamics is used to estimate the 
energy gain at steady state. Because of the nonlinear relationship of thermal loss to receiver temperature, 
a numerical model is employed to calculate the energy gain. Ultimately, the thermal gain is determined 
throughout the year in Tallahassee and compared to different types of collectors. 
3. Design 
The Multiple Parabolic Reflector Flat Panel Collector (MPFC) applies aspects of a stationary panel 
with the reflector geometry of a PTC. Multiple parabolic reflectors are arranged in an array within the 
envelope of the panel (). A tubular receiver is associated with each reflector, collecting the reflected light. 
The receivers are able to transverse within the panel independently from the reflectors. This allows for 
collection of concentrated light while the entire panel remains stationary. 
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Figure 1. Cut-away of MPFC 
The initial size of the MPFC is based on existing solar collectors. The Alternate Energy Technologies 
AE-32 panel and Solargenix Winston CPC are used as models for the aperture. The MPFC is built around 
a 2.44 m by 1.08 m glass cover size (Figure 2). The total area of the MPFC is greater than that of just the 
cover in order to contain internal components. The depth of the MPFC is also restricted to less than 152.4 
mm, as to not exceed a factor of 2 for thickness of the other panels. Table 1 shows the relative sizes of the 
two specified different panels. 
 
 
Figure 2. Dimensions of the glass cover and depth of the MPFC 
Table 1. Comparison of market-available collectors 
Category AET AE-32 Solargenix CPC 
Gross Area (m2) 2.97 2.24 
Aperture Area (m2) 2.78 2.09 
Depth (mm) 79.7 83.3 
Dry Weight (kg) 51.2 48.5 
 
The MPFC panel is also designed to operate with similar specifications. Important MPFC 
specifications are outlined in Table 2. The design of the MPFC is designated as model S10-A263, 
representing ‘S’ for short-length receivers, ‘10’ as the number of collectors in the array, and ‘A263’ 
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meaning 2.63 m2 for the aperture. The receiver tubes are arranged in a serpentine configuration. This will 
produce a larger change in temperature compared to that of a parallel flow configuration. The designated 
working fluid for the MPFC is pressurized water. Water is easily accessible and does not harm the 
environment if leaked. The maximum working pressure of the panel must exceed the saturation pressure 
of water at 150oC. 
Table 2. MPFC S10-A263 Technical Specifications 
Item Specifications 
Length 1.22 m 48 in. 
Width 2.46 m 96.6 in. 
Depth 152 mm 6 in. 
Gross Area 2.99 m2 32.2 ft2 
Aperture Area 2.63 m2 28.3 ft2 
# of Collectors 10 
Flow Path Serpentine 
Fluid Capacity 1.12 L 0.3 gal 
Flow Rate 1.9–4.5 L/min 0.5–1.2 gpm 
Working Pressure 1380 kPa 200 psi 
Temperature Range 0-180oC 32-356oF 
Receiver O.D. 1.27 mm 0.5 in. 
Receiver Material 304 Stainless Steel 
Cover Material Anti-reflective Low Iron Glass 
Cover Thickness 4.76 mm 0.188 in. 
 
The main feature of the MPFC is its moving receiver (which differs from conventional stationary 
reflector designs). Movement of the receiver is along a constant height, located through the focal point of 
the reflector (Figure 3). A motor controls the movement of the receiver assembly. The motor moves a 
rack-and-pinion system that in turn moves the receiver array. Position of the receiver must be accurate 
because it determines the optical gain of the receiver. The placement of the receiver causes some loss of 
solar energy that is determined by the incident angle of the sun on the reflector, θi. However, the reflector 
and the receiver designs are both optimized to collect solar energy over the course of a year. 
Analysis of this new design is based on two parameters that affect the amount of light collected: 
concentration ratio, C, and rim angle, θrim (Figure 3). The concentration ratio is defined as the ratio of the 
collector aperture area to the receiver's surface area. The rim angle defines the angle swept around the 
focal point, from the surface normal to the edge of the parabolic reflector. 
Computer modeling of a PTC is used to estimate the energy gain for various values of C [9]. This 
model considers the optical input of the sun to estimate the thermal output in the working fluid at set 
conditions. Angles of the sun with respect to the reflector's axis are entered into the model to account for 
the amount of light lost. An optimal value of C = 6 is found for energy collection within a 25–145oC 
range. 
Ray tracing is used to determine an optimal rim angle. The amount of light accepted by the receiver at 
C = 6 is found greatest for 50o < θrim < 60o [9]. However, use of a 12.7 mm diameter receiver demands θrim 
= 60o in order to fit within the depth constraint that is imposed by the design. Use of a smaller diameter 
receiver is undesirable because of the pressure drop in the working fluid from the inlet to the outlet, which 
requires more pumping power. 
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Figure 3. Single section of MPFC 
The performance of the panel is calculated based on the complete MPFC design. Thermal output is 
calculated from the first law of thermodynamics, accounting for all modes of heat transfer. The details of 
which can be found in Reference [9].  
4. Performance 
Effectiveness of the MPFC is determined from the first law of thermodynamics at a steady state. The 
energy gain of the HTF, 
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is computed as the difference between the optical gain, optQ , and the thermal loss, lossQ . To estimate 
the energy gained, the analysis is separated into two parts. Optical gain is determined through ray 
tracing, and a numerical model is used to determine the thermal losses. 
The uniqueness of this design is the ability to move the receiver to capture light. However, this causes 
varying amounts of collection of the incident light, which must be analyzed. The optical system of the 
collector is considered to determine the optical efficiency,  
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and is used to establish the amount of energy entering the receiver surface. The light passes through a 
cover, is reflected by the parabolic reflector, and absorbed by the receiver. The amount of light incident 
on the receiver is determined by factors that affect the intensity of light along the optical path through the 
system. The fraction of light reaching the receiver is quantified as 
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where τ is the transmittance of the cover, ρ is the reflectivity of the reflector surface, D is the absorptivity 
of the receiver surface, Γ is the intercept factor, and a number of N accounted optical errors, εi (e.g., 
considering the effects of dirt, shading, and geometry) [9]. 
The intercept factor is defined as the amount of light which is captured by the receiver at an incident 
angle, θi (Figure 4). This value is unique to the geometry of the reflector and receiver. Concentration 
ratio, C, and rim angle, θrim, are optimized for energy collection, as mentioned previously.   
 
 
Figure 4. Calculated intercept factor with θi from ray tracing with C = 6 and θrim = 60o 
Ray tracing is used to determine the value of Γ at C = 6 and θrim = 60o for varying values of θi. Using 
this knowledge, the amount of energy reaching the receiver, 
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is known for the amount of energy entering the collector, inQ . The value of the entering energy is 
dependent on the insolation of the sun, ''sunQ , the area of the collector, Ac, and the angle of the sun with 
the surface normal of the collector, θ. 
The values of θ and θi are found in two different manners. θ is based on the hour angle of the sun, ω, 
the day of the year, n, latitude of the collector, Φ, tilt of the collector, β, and azimuth angle of the 
collector, γ [10]. θi is based on the orientation of the collector troughs, either E-W or N-S. The amount of 
rotation about this axis is set equal to θi [9]. 
Heat gain calculations of the MPFC are performed numerically. The numerical model uses a single 
section of the MPFC for calculation (Figure 3). A two-dimensional model is used with one-dimensional 
(radial) heat transfer and one-dimensional HTF flow [9]. The total effective length of the receiver in the 
panel is segmented into many elements, such that the calculations are performed on a single element. The 
inlet temperature for the HTF is set for the first element. An average temperature is calculated for all 
internal components and the outlet temperature of the HTF is extrapolated from the inlet temperature. The 
inlet temperature of following element is taken as the outlet temperature of the previous element. 
Calculations are performed at insolation values from 200–1000 W/m2. Iterative methods are used to 
solve the nonlinear system of equations. Error in the equations is minimized to obtain a solution for the 
temperatures. The maximum error for the calculations is computed as ±0.431 W for the entire panel. This 
value is within the margin of acceptance, being a maximum of 0.08% relative error for the insolation 
range. 
Initially, the heat gain is calculated at normal incident (θ = 0). Figure 5 shows the heat gain for the 
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MPFC at varying differences of inlet temperature, Tin, to ambient temperature, T∞. The calculations 
indicate that the MPFC is able to collect energy at 150oC with a direct insolation of 400 W/m2 or greater, 
assuming T∞ = 20oC. The approximated line is determined by a second order equation with (Tin-T∞), as 
explained later. 
 
 
Figure 5. Calculated energy gain with inlet temperature difference for MPFC at normal incidence with various insolations 
An efficiency equation is used to estimate the performance of the MPFC. The efficiency of the 
collector, 
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is quantified in terms of the optical efficiency, ηopt, the overall heat loss coefficient, UL, the inlet 
temperature of the HTF, Tin, the ambient temperature, T∞, and the energy entering the collector, inQ  [10]. 
The inlet temperature is used because it allows for estimation of performance with given inputs. This is 
what SRCC ratings do to evaluate solar collectors. UL is approximated with linear dependence on Tin. 
This gives a second order generalized equation for the collector efficiency. The performance curves are 
approximated at each insolation value and then averaged to give the performance equation of the MPFC: 
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The angle-dependent values are separated to allow for calculations with varying θ and θi. This equation is 
plotted along with the calculated performance curves to show accuracy (Figure 5). Equation 7 is most 
accurate around an insolation of 600 W/m2, while conforming well to the other insolation values. 
Efficiency values from other types of collectors are also used. The AET AE-32, the Solargenix 
Winston CPC, and the DF100-20 ETC are also compared, each having efficiency equations reported by 
SRCC testing [11]. The efficiencies are used to estimate energy gain throughout the year using estimated 
solar intensities and position of the sun [9]. Initially, weather data are ignored but are taken into account 
later. Heat gain is estimated for inlet temperature difference from 0–125oC. It is also assumed that energy 
is not collected for θ > 70o.  
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(a)                  (b) 
Figure 6. (a) Example of daily heat collection at constant inlet temperature difference, (Tin-T∞) = 125oC  
(b) Yearly energy collection efficiency for varying inlet temperature difference 
Figure 6a shows an example of the energy collection variation with day of the year. The EW 
orientation collects more energy around the equinox because the panels are tilted at latitude. This means 
that θi is minimized throughout the day and more heat is collected. It should be noted that the equation for 
the FP shows energy collection at (Tin-T∞) above 80oC but is reported to collect only a small amount of 
heat at this temperature difference. The reported equation is used but values above (Tin-T∞) = 80oC are 
considered speculative. The yearly energy gain by a panel is an integration of the daily values. The yearly 
collection efficiency is the fraction of energy that the collector converts to heat compared to the available 
solar energy (¡Error! No se encuentra el origen de la referencia.). At the temperature difference (Tin-
T∞) = 125oC, the ETC shows the greatest amount of collection at 14%. The MPFC oriented EW is the 
next highest at 10%, while the NS orientation collects 9%. The FP is speculated to collect 5% of the 
available energy while the CPC is unable to collect energy at this temperature difference.  
The ability to collect energy in the medium temperature range is important but it should be done in a 
cost effective manner. A cost analysis determined that the MPFC is able to produce heat at a comparable 
levelized cost of energy (LCOE) as the ETC and FP collectors. 
5. Cost 
To estimate the cost of the MPFC, estimates for individual parts within the panel are assembled.  
Several key components are estimated from the dimensions of the panel in the design section. 
Plastic is chosen as the substrate for the reflector because of its low cost and ability to be shaped 
easily. A mixture of low density, medium density, and high density polyethylene can be used to meet the 
temperature and life requirements of the panel. Reinforcement ribs can also be placed in the substrate to 
allow for less material use while maintaining structural rigidity. The reflective surface is created with a 
reflective film placed on the substrate to conform to its shape. ReflecTech is chosen as the film because of 
its ability to maintain quality over time. 
Material choices for the receiver are a balance between weight and strength. Stainless steel is chosen to 
reduce sag and decrease misalignment. If weight is an issue then aluminum can be used for about the 
same price but with less strength. A solar selective coating is applied to the surface of the receiver. This 
allows for high absorption in the solar spectrum and low emissivity in the long wave infrared. Solkote 
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Hi/Sorb-II is chosen because it is easily available and commercially proven as a coating for use with 
concentrating solar thermal collectors. 
Insulation is used inside the panel to reduce thermal loss. Current (i.e., market available) solar thermal 
panels use polyisocyanurate (PIR) and it works well as an insulator. The cover also helps to insulate the 
receiver from exterior thermal loss. However, the cover must also allow solar energy in. A low iron glass 
is selected because of its high transmittance. An anti-reflective coating is also placed on the surface to 
allow for higher transmittance at higher θ values. 
Precision movement is an important part to the success of the MPFC. A stepper motor is paired with a 
rack-and-pinion to move the receiver array. Placement of the receiver is programmed from the orientation 
of the panel. Everything is held together within a frame and back cover. The receivers must be supported 
independently from the other internal components. Additional costs are considered as 10% of total costs 
of the other parts. Table 3 shows estimated prices of the key components. The total cost is estimated from 
current market prices (March 2013) found from online sources. The actual cost to produce the MPFC is 
expected to vary with availability of the materials, location of construction, and size of the production 
line. Location is not considered in this analysis but the total cost in Table 3 is estimated for a production 
lot on the order of 100 panels. The MPFC is estimated to cost $150/m2 compared modern types of solar 
collectors at $190/m2, mentioned previously. 
An LCOE must be considered in order to compare costs between different methods of producing heat. 
LCOE considers the discount rate, the capital cost, the total operation and maintenance costs, and the total 
fuel cost in context to the lifetime energy production [12]. The MPFC is assumed to only have the capital 
cost at a discount rate of 10%.  
To determine the yearly energy generation, solar data are provided by NREL [13]. Data are used for 
estimated solar energy on a flat panel tilted at latitude. These data account for weather conditions that 
were not initially considered. Tallahassee is reported to have 5.36–5.49 kWh/m2/day. The MPFC only 
collects direct beam radiation, therefore the value of 4.29 kWh/m2/day is used to account for 20% diffuse 
radiation. At an efficiency of 0.10, the MPFC can collect 411.63 kWhth/yr of thermal energy. The LCOE 
is $0.006/kWhth over 20 years. This compares to the ETC with LCOE of $0.025/kWhth and the FP with 
LCOE of $0.022/kWhth over 20 years. 
Table 3. Cost of MPFC base on individual parts 
Component Material Price ($) $/Panel 
Reflector Substrate Plastic 0.88/kg 41.64 
Reflector Surface ReflecTech 18.84/m2 60.38 
Receiver Tube 304 SS 8.74/m 117.37 
Receiver Coating Hi/Sorb-II 1.29/m2 4.58 
Insulation PIR 1.72/m2 5.94 
Glazing Glass 6.00/m2 17.84 
Motor Stepper 17.00 17.00 
Frame Al 20.00/set 60.00 
Back Cover Al 21.53/m2 74.25 
Unassociated  10% 40.20 
    Total $442.19 
6. Conclusion 
The MPFC is designed to generate heat at 150oC using solar energy. It functions as a stationary panel 
with an array of parabolic reflector troughs. The receiver tubes move linearly to track the reflected 
sunlight. By concentrating the light on the receiver, more energy is available for the HTF. The analysis of 
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the MPFC takes into account the unique geometry. Optical gains are obtained through ray tracing and 
combined with thermal losses in a numerical model. The model is able to estimate the energy gain for the 
collector with given ambient conditions and HTF inlet temperature. The efficiency of the collector is 
estimated by a second order equation for a comparison of yearly energy collection to other types of 
conventional solar thermal collectors. It is estimated that the MPFC can collect 10% of the yearly direct 
beam radiation at 150oC as compared to the ETC with 14% collection and the FP at 5% collection. 
Although the MPFC did not collect the most amount of energy, it was estimated to be a less expensive 
panel to produce, about $150/m2. The low cost combined with the amount of energy collected over 20 
years leads to the LCOE being $0.006/kWhth. If the thermal energy is to be converted to electrical energy 
via a thermodynamic cycle, a direct cost comparison to the cost of energy can be made. Assuming a 
conversion efficiency of 0.1, the LCOE for electrical energy is $0.06/kWh. This is competitive for current 
electricity generation. Current commercial electricity cost in Tallahassee is $0.09/kWh [14], suggesting 
that the MPFC is viable as a solar thermal collector. 
Improvements of the MPFC can further be made to lower the LCOE. First, the design can be 
optimized based on location. This requires a parametric study of all the design parameters for local energy 
collection. A more accurate numerical model can be created by considering multi-dimensional heat 
transfer to refine the results. Finally, lower material costs and an efficient manufacturing process will 
decrease the total cost. Mass production of the unit can decrease the cost to about $100/m2 or lower as 
learning curve effects are employed. 
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